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i=7,9,10,S,P i=T,T5

m
07 = ?C(ELUNVCR)ija

Og = (Uryuel)(ty*),  Owo = (Tryucr)(€yvst),
Os = (uLcr)(¢0), Op = (tcr)(lvst),

Or = %(EUWC)(ZUWE) Ors = %(EUWC)(ZUW%K).

Primed operators obtained with L < R

Similar to b-physics, BUT ..

Implications Workshop 2021 10" November 2021 4 /24




technische universitat 8 % .
dortmund et Introduction

EFT at the Charm SCa |e de Boer, (2017), PhD thesis, TU Dortmund

What is the difference between b — s and ¢ — u penguins?

W fpees W
x|
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What is the difference between b — s and ¢ — u penguins?

Light quark masses need to be set to
zero at puw

Effective GIM-mechanism kills C79 10
at pw

C?g are induced by RG running to pc

Cro(pe) =0
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Rare charm decays
» DO — 0
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Rare charm decays
» DO — 0

> DT — ot

Q
A
Q)
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Rare charm decays

» DO —
> Dt — gt
» D — KTt
¢
/
S < 5
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Rare charm decays

» DO —
> DT — ot
» D — KTt
» DY = rta—ee ¢
14
c u
( d
d
u < u
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Rare charm decays

» DO —
» DT — el
» D — KTt
» DO — o ar p
» DO — KtK—u
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Rare charm decays

» DO —

» DT — el

» D — KTt ,
» DO — o ar

» DO — KtK—ut ¢
» DO — 707000 ¢ u
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Rare charm decays
> DO — ¢
» DT — ot
» D — KTt
» DO — gta 14
» DO — KTK—ut 0
» DO — 7O70¢¢
u
> N — ptd =
> u
d > d
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Rare charm decays
» DO — 0

Dt — ntef
Df — Kt

D% — xta—et ¢

DO — 7070¢p
Ne — pll
= — XU s

B
=
B
» DO — KtK—ut
>
=
B

Yy
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SM contributions dominated by long range dynamics
BM(D — n0t07) = B(D — wV(— £+47))

Parametrized by a sum of Breit-Wigner contributions (fit from data)
i5
R( A2\ _ 160 1 _ 3 age’?
C9 (q ) = dwé <q2—m5)+imwrw q2—m%+imprp> + q2—mi+im¢r¢'

i0
R(A2) — an e A’
CP (q ) T ?—mZ+imy, Ty, + q2—mfl,+im,,/rn/

D — V(- 1)
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Parameters in Cff, CK are main source of uncertainties

Process dependent 1909.11108, 1805.08516

H a,/ GeV ‘ ag/ GeV2 ‘ a,/ GeV? ‘ a,/ GeV?
Dt =zt ~ 0.2 ~ 0.2 ~6x 1074 ~8x 1074
DO — 70 ~ 0.9 ~ 0.3 ~5x107* ~8x107*
D+ — Kt ~ 0.5 ~ 0.1 ~6x107* ~7x107*
DO — gtg— ~ 0.7 ~0.3 ~1x1073 ~1x1073
DY — KTK~ ~ 0.7 = ~3x107* —
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Introduction

b Parameters in C9 , CR are main source of uncertainti~~

00 =
> Process dependent 1909.11108, 180F 000
o9
NO,/ / \JeV2
Dt >« ~8x10~*
D% — 70 ~8x107*
Dt —s K+ ~7x10"
D® — ntr a6 ~1x1073
D% — KTK ‘\ ~ 0.7 — ~3x107*
10
20132
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Parameters in CQR, C,Q" are main source of uncertainti~~
Vgl

c~
Process dependent 1909.11108, 18{;0 s -2
\ o
- 0'/'/ weV/2
Dt — xt+ : 10_4
DO — 71'0 ~ 8 X 1074
Di — K+ e
DO — 7tp— PS e i
D° — KTK~ ‘\ o DT 0 - _
\
2107130

With more data model parameters (a;, d;) can be constrained and
the model can be improved.
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Introduction

Resulting differential branching ratios

2107132303

«XU75150X%
resonant SM

N non-resonant SM

& 1073 1909.11108 102
|> 0] BN non-resonant SM &
i 102 p/w I resonant SM % 1074
o 7 3,
=107 | ~ 1076
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[ Seae =
= 109 - S L 10
= NS S 10
+ N = 10~
« 10-1! \
b 10 \ 1; e
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= Dt — ottt ERURE
ERIRE
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> Rare charm decays observed only at the resonances, for the rest of
the signal region U.L. are available at 90 % C.L. (see 2011.09478)

» B(D® — ptpT) <6.2x107°
» B(DT — atutpT) < 6.7 x 1078

» B(D® - ntr—ptu~) <5.5x%x 1077
> B(Ae = pptpT) <7.7x1078

>

New results already presented at implications workshop

Direct bounds on WC's from B(Dt — atpu*tu=), B(D® — ptu~) imply
> Cs,p S0(0.1) Go10,7,75 S O(1)
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Overview null test
strategies

NP searches in branching ratios are challenging.

Instead define null test observables where

Signal
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NP searches in branching ratios are challenging.
Instead define null test observables where :

Signal <

> Angular observables
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NP searches in branching ratios are challenging.
Instead define null test observables where

Signal <

> Angular observables

b CP-asymmetries
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NP searches in branching ratios are challenging.

Signal <

> Angular observables
b CP-asymmetries

> LFV
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NP searches in branching ratios are challenging.

Signal

> Angular observables
b CP—asymmetries
> LFV

> LU ratios
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dortmund e strategies

NP searches in branching ratios are challenging.
Instead define null test observables where

Signal

> Angular observables

125
b CP—asymmetries Eav
’1111475
» LFV :
?j 0.50
. Q95
> LU ratios / g
*;i\n 0.00
» Dineutrino modes Yo X e “ om
2,8 an;gf,a,gﬂ %;W
Mg, 0.6
i,
Ocrobe,z720
18
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Ac — pptp~ decay distribution:

dr 3 2 D 2
dg?dcosd, — 2 (Kiss sin“ 0y + Kicc cos® 0y + Kic cosby),

Aw — L1 / _/ _ A jeosg =3 fae
FB=dr/de? |y J.1] dg?dcost, £ 2 2Kies + Kice |

1e~ CoCio, C4Cyy and C7(’) C1((/)) interference terms = N0 SM.

0.412107.13010

— Cyy=03

Cho =01
- Cio =005
Cio =001

2 —— ‘
R —
—0.2
0.0 0.5 1.0 1.5
¢ [GeV?
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Ac — pptp~ decay distribution:
dqiddcrog,alZ = % (Klss sin? 0 + Kice cos? 0, + Kic cos 95),
ch

Arg = 1 /1—/0 dr dcosH—3
FB=dr/de? |y J.1] dg?dcost, £ 2 2Kies + Kice |
) -

Kie~ CoCro, C§Ci, and C7(’) C,y interference terms = NO SM.
Complementary results in D — Pu™* ™ (Normalized to integrated rate)

0.412107.13010 2w (Cs] =01
. (Crs| =05
0.2 Cio=001 | [Coqnl = 05, |Cs| = 0.1
5 5
=
£ o0 S
&
=<
—0.2
04 DY — Ktputp
o —0.
0.0 0.5 1.0 1.5 i 1.6 18 2.0
¢* [GeV?)

¢ [GeV?
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Normalization matters

> ANFB = % K%l with [ = fqmax (2 Kiss + chc)
> Arg = % dr}jldc with dF/dq =2 Kiss + Kice

» Resonance enhancement

10{2107.13010 = 05 0.4{2107.13010 e
= 0. Cio=01
m Cio =005
5 0.2 Cio =001
9
>
3 0 £ 00
£
=5 —0.2
-1 —0.4
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
¢ [GeV?] 7 [GeV?]
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N
8 |
&)
R

Fi

Fraction of longitudinally polarized dimuons

Fi

_ 2 Klss - chc
2 Klss + chc

No null test, but cancellation of hadronic uncertainties in the SM and
highly sensitive to C7(').

L0
0.8
0.6

i
0.4

0.2

0.0

Marcel Golz

2107.13010 1012107:13010 =03
mm Cy=05
0.8 -G =03
0.6
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0.4
0.2
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Fraction of longitudinally polarized dimuons

2 Klss - chc

2 Klss + chc

No null test, but cancellation of hadronic uncertainties in the SM and
highly sensitive to C7(’)

FL=

5 2107.13010

>

0.6 S o
=
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% ‘s 107®
=04 &
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+

02 =
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dortmund e CP—-asymmetries
1 dr  dr Py dl £ -
it 2y _ 9 q _ max 9 2 2, _ dg dg
Aepld) = —= (ﬁ dqz) with r—/qz' ate O Aceed) = S5
min 42 T a2

P Strong phase from resonances needed — measurement around the ¢ resonance. S. Fajfer and N. Kosnik 1208.0759
" NP weak phase needed. — benchmark Cg = 0.5 exp(iw /4).

¥ Binning necessary.

2107.13010

2107.13010 Lo

0.5
§

&
= —0.5
—=5.0
| —-1.0
1.00 1.02 1.04 1.06 1.08 0.0 0.5 1.0 1.5
¢* [GeV?]

7 [GeV?]
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Dineutrino modes

SU(2)-link relating dineutrino and dilepton modes
» SU(2), x U(1)y-invariant effective theory (io0s4ss4)

c c® c oo
Cerr O~ QuQIv' L+ —2-Quur*Q Iy 'Lt~ UnuU Ly L+ 5 Dy D Iy¥L

» C§ and K matched via SU(2),-components in gauge basis

¢/ =kP=cP+c) c{=ki=cu

P=kK'=cp-c) cR=kKR=Cu

P going to mass basis: Qo = (ULa, Vagdip), Li= (vii, WilLy)
(V: CKM, W: PMNS)

el =WHKP w0\, cl=wikiw |

Marcel Golz Implications Workshop 2021 10" November 2021 19 / 24
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Link dineutrino to charged dilepton modes via
SuU ( 2) L in SMEF T 200705001, 2010.02225

Boc 3 (I6/7 +1eg ) = Trlel et + ek eyl
v=i,j
=T [Pt + KRR + o) = 3o (P71 + K57 ) + o)
(=i

» SU(2) relates up, down, neutrinos and charged leptons.
— —

* Independent of PMNS matrix and subleading O(\) corrections!
* Prediction of dineutrino rates for different leptonic flavor
structures IC,{ g can be probed with lepton-specific measurements!

Marcel Golz Implications Workshop 2021 10" November 2021 20 / 24
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Possible leptonic flavor structures for IC

/) Lepton-universality (LU).

kK 0 O
0 kK O
0 0 k
/i) Charged lepton flavor conservation (cLFC).
kiiv 0 0
0 ko O
0 0 ks3
iii) IC'Z.,R arbitrary.
kii kio ks
ko1 ko ko3
k31 kso k33

Marcel Golz Implications Workshop 2021 10" November 2021
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Upper limits on dineutrino modes can probe lepton unversality!
> Bounds on Iepton specific W(Cs for E,E’ — €, [y T .2003.12421, 2002.05684

|IC/’ZM\ ee  pp  TT el er T
s—d||KP¥[35 19 67 20 61 66
c—ul| |K¥* [29 16 56 16 47 5.1

24 Kyt

> Boox =Y, (1KP ?) +00) = Ly R +00)
x =3 R < 34, (Lepton Universality)
x=R* + RF 4+ R™™ < 196, (charged Lepton Flavor Conservation)
x = R° + RMM4 R™™ 4+ 2(R°" + R®™ 4+ RIT) < 716.
LU is fixed by the most stringent bound (muons) and the O()) corrections are included
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Dineutrino modes

Blhe — Fro) = AP x + A"F x| xp =3 1eP £ cpi? < 2x.

N; = nege Bi N(he), N(c&)paye ) = 65 - 107 for 50ab ™+,

i

N(c&)pcc.ee = 550 - 10°.

he = F By Ba¥c  B™ N /nmer  NIFC/merr N™ [ ness
(1077 [10°9] [10°9]

DO — 70 6.1 35 13 47k(395k) 270k(2.3M) 980k (8.3M)
Dt — 7t 25 14 52 77k(650k) 440k(3.7M) 1.6M (14 M)
Df — K+ 4.6 2.6 9.6 6k(50k)  34k(290k) 120k(1.1M)
DO — 7070 1.5 0.8 3.1 11k(95k)  64k(540k) 230k(2.0M)
D% — 7tr— 2.8 1.6 59  22k(180k) 120k(1.0M) 450k (3.8M)
D% — KtK= 003 002 006 0.2k(1.9k) 13k(11k)  4.8k(40k)

Af — pt 18 11 39 14k(120k) 82k(700k) 300k (2.6 M)
=Hoxt 36 21 76 28k(240k) 160k (1.4M) 590k (5.0 M)
D% — X 12 6.8 25  91k(770k) 520k(4.4M) 1.9M(16M)
Dt = X 30 17 63  94k(800k) 540k (4.6M) 2.0M(17M)
Df — X 13 7.3 27 17k(140k) 95k (810k) 350k (2.9M)

(EFT breakdown) > Bmax (LFV)> Bmax

cLFC

(LU violation)> By

Marcel Golz
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Rare charm decays are dominated by long-distance resonance
contributions

NP can be probed in clean null test observables
Null test observables make use of resonance enhancement

Collaborative partnership between theory and experiment enables
improvements in future predictions

Implications Workshop 2021 10" November 2021 24 / 24
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dB(A. — put ) /dg? [GeV~2)

2107.13010

LHCb upper limit at 90 % C.L. with
440 MeV cuts around known
resonance masses, then extrapolated
to full g2 region

Ae — putp~
0.0 0.5 1.0 1.5
¢ [GeV?]

Bruch(Ae = putp™) <7.7x 1078

Including form factor and resonance uncertainties and integrating the LHCb search region

BM(Ae = putpT) = (1.9718) x 1078
BMES - £ utp™) ~ 1.8 x BM(Ac — putp”)
BM(Z2 = 20 p7) ~ 0.4 x BM(Ae — ppt )
BM(Q2 — =0 p7) ~ 1.3 x BM(Ae — ppt”)

Implications Workshop 2021 10" November 2021 26 / 24
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» Form factors are availbale for A, — py ;1 from Lattice QCD
(see 1712.05783)

> No results for other decay modes (from the lattice) available yet.

» Use SU(3)fr flavor symmetries to relate modes

U-spin
=0 SOl @0 s AU
V3
isospin .
U d Ae — pll
n 1 n -
7§ n__n U_Spln .Qg — :066
s d no direct link
=5 = Xt different SU(3)F multiplet

Marcel Golz Implications Workshop 2021 10" November 2021 27 / 24
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dortmund S violation
& 1o — 1 Sia T ~
= = | Lo s
= 2107.13010 - SUSY-II O] B RPV SUSY I
< 2 Seenario 1| v BN RPV SUSY II
S Zomwoll Y = S
= - : 210 B 7' Scenario 1
o1 [
> 10
H: ﬂj 10-12
= +
1071 N
<‘~ T 10714
~— +
10716 Q x
- 9Q 14-16
= 10
0.0 0.5 1.0 1.5 0 1 2
¢ [GeV? ¢* [GeV?]

LQ's (K, = Kl, = 0.5),

SUSY + R-parity violation (Ko = —Kio9 = 0.009),
SUSY no R-parity violation (Ky = —Kjo = 0.001),
Z'1 (Kg = Ké =—Kip = —K{o =1.4. 10_4),

Z' 2 (Ko = K§ = —Kio = —Kjp = 2.3-107%).
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107.13010] 2107:1301
0.2 0.2
01 0.1
&2 o2
0.0
B 3 oo
—-0.1
—0.1
~02
—02
0.0 0.5 0.0 0.5 1.0 1.5
7* [GeV?]
20 2107.13010
10
_— G, =5, =0
am 6o =0,0p =7
O 0 L.
< 8o =7/2,0,=1/2
-, = 0.6, = 1/2
~10
2000 05 1.0 15

¢* [GeV?]
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dortmund e in D — P/

> mm (G5 =
- (Crs|=05
e [Cam| =05, |Cs| = 0.1
~ EE [Cul=|Crs| =05
= (Cr| =05, |Cs| =

15{1909.11108  mm (5 -

- \Com\ =05, |Cs|=0.1
1.0+ = |Cu|=|Crs| =05 B
e (Cr| = 05, |Cs] = 01

[ —
05

App [GeV2]
App [GeV2]

D} — Kfptp~

—0.5 .
2.0 2.5 1.6 1.8 2.0
¢ [GeV?] ¢ [GeV?)

mm [Co| =05

m (Csp) =01

B (Crers)| =05

o [Crrs)| = 0.5, [Cs| = 0.1

T
1909.11108 mm (Cs=05

. (Cs| =01

. (Crers| =05

1 |Cr )| = 0.5, |Cs| = 0.1

DY — ntutu~

1.6 1.8 2.0
¢ [GeV?] 1909.11108
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Imax dB(D — mut anax dB(D — 7re+

min

RP || SM | |Gl =05 | |Ciol =05 | |Gyl =+|Ciol =05
full q 1.00 + O(%) SM-like SM-like SM-like
low g2 0.95 + O(%) O(100) O(100) O(100)
high 2 1.004+ O(%) | 0.2...11 3...7 2...17

1909.11108

Marcel Golz Implications Workshop 2021 10" November 2021 31 /24


https://arxiv.org/pdf/1909.11108.pdf
https://arxiv.org/pdf/2107.13010.pdf
https://arxiv.org/pdf/1805.08516.pdf

technische universitat eyl .
dortmund P LU ratios

Marcel Golz Implications Workshop 2021 10" November 2021 31 /24


https://arxiv.org/pdf/1909.11108.pdf
https://arxiv.org/pdf/2107.13010.pdf
https://arxiv.org/pdf/1805.08516.pdf

technische universitat eyl .
dortmund P LU ratios

Marcel Golz Implications Workshop 2021 10" November 2021 31 /24


https://arxiv.org/pdf/1909.11108.pdf
https://arxiv.org/pdf/2107.13010.pdf
https://arxiv.org/pdf/1805.08516.pdf

technische universitat

Angular coefficients

dortmund in D° — hh=ptp~
d°r _
dq?dp?d cos §,,d cos 0,d¢
(enter B) h+ k- cos20,
+h3- sin? 0, cos2¢ + Iy - sin20,, cos ¢
(Null tests) —l— -sin 6, cos ¢ —l— -cosf,, + 7 - sinf,, sin ¢

Note:

> /i = /i(q27P27C059h)

> /1’ 2,3,4,7 CP—even

> |Is,6,8,9 CP~odd|

+ -sin 20, sin ¢ + - sin® 0,,sin2¢

y

Marcel Golz
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d°r B
dg2dp?d cos ,,d cos Opdg
(enter B) h+ k- cos20,
+h3- sin? 0, cos2¢ + Iy - sin20,, cos ¢
(Null tests) —l— -sin g, cos ¢ —l— -cosf,, + 7 - sinf,, sin ¢
+- sin 20, sinqﬁ—i—‘sin2 0,,sin2¢

Note:

Strategy:
Iy = i(q?, p*, cos )

Measure p?, cos ), integrated and
h 2,347 CP—even 1/T normalized (/;)(q?)

[15,6,5,0 CP—odd| Measure D° and DO seperately

V.
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dortmund
d°r B
dq?dp?d cos §,,d cos 0,d¢ - \ oM g
" =
(enter B) h+h-cos2d, H0gS &10
_|_I_3 - sin2 0, (‘f;'n éCtOY CO\“)
A . .
(Null tests)‘ a‘oée‘:e of @ it 4o vy + Iz -sin@,sin ¢
igh '\ SWB T, aing + sin 0 sin 2
\6J7\'n o Ph o 6 +[fo] ¢
‘57 ' i Bdeca\js e
 wsefl Strategy:
&\’\0 2 gy
i = Ii(q?, p?, cos 0j) 5 _
Measure p<, cos ), integrated and
h 2,347 CP—even 1/T normalized (/;)(q?)
‘/5 .- CP—odd‘ Measure D° and DO seperately
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dortmund St in D° — hth up~
> Define asymmetries A; = k=l _ k=t
! r+r lave
b Caution with /; being o0 —GGes

¢ Co=-Ci0=0.51
CP—even or | CP—odd ‘ — Gorcnos

°
2

<> (D' )
°
8
=

> (Is,6,7)°M =0 M
SM . 001 / <16> NAFB
> A,' =0fori=2,...,9 pre 1805.08516
0.0 05 1.0 Qe v 15 20 25
» Resonance enhancement! o m2(up)

Co=—Co=+05i Ch=—Cjy=+05i

(45)  [-0.04,0.04] [~0.03,0.03]
(Ag)  [~0.06,0.05] [—0.06,0.06]
(Ag)  [-0.02,0.02] [~0.02,0.02]
(A} [~0.03,0.03] [~0.03,0.03]

v
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|
k
@

2 . . .
S Dineutrino details

Upper limits on x from high-pt

el = wikPewy a wi(kPz

— KPMW +0()2),

cor = wicgew J

K3

ee [yi TT el er [T
d—d | [KPp" 28 15 55 11 33 36
s—s | |KP27[]90 49 17 52 17 18
s—d [ IKPRT1[35 19 67 20 61 66
cou| RPE™]29 16 56 1.6 47 51
(2003.12421), (2002.05684)

ee [ TT eu  er  uT
R |21 60 77 66 59 70
OR™ |19 54 69 57 55 63
139 11 145 12 115 133

with r¥¢ = R 4+ 5RY

Marcel Golz

R — |IC512“/ |2 + |,Cg1zll’|27
Rﬁf’ = |;C£’12U' + ,Cg12€€'|2’

’ ’ 7 * ! 7 *
SR = 2RI kP2 — et e

x=>" (R +6R™), xp = RY

2,0 ey

Xy +X_

construct bounds on x = =

x=3rt" <34, (LU)
x=r+r* 477 <196, (cLFC)
X=r€ 4 T 2(r 4+ T 4 rH7) < T716.

, with x* < 2x,
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